Basing on the data collapse of the energy loss in soft magnetic materials, we propose a dimensionless measure of measurement set's uncertainty. The derived measure enables to compare uncertainty of different measurement sets and comparison of measurement data.
Introduction
In 1995 the leading European Laboratories busy with measurements of the electrical steel magnetic properties were trying to compare the measurement results of the power loss in electrical sheet steel under the conditions of rotating and alternating flux [1] . The six participating laboratories applied different measurement methods, similar only in some cases. According to this report the results for non-oriented materials were in fairly good agreement, whereas for grain-oriented materials the results differed considerably. The observed dispersion was attributed to several factors. For the purposes of this paper we distinguish the two of them: the geometry of the sample (size, shape) and the way for assessment of uncertainty contributions. Taking from [1] the idea of the inter-comparison of measurement data of the energy losses in soft magnetic materials (SMM), we perform such an inter-comparison with data taken in two laboratories [2] [3] [4] , however under the conditions of axial and alternating flux. We show that the interference of the sample's geometry can be scaled off and this factor does not interfere on the data inter-comparison. Moreover, the material type can be scaled off from the dependence of energy losses vs. the peak of induction and magnetizing frequencies. This property of SMM allows comparing different measurement sets. Successively, this fact allows introducing an absolute measure of uncertainty characterizing the given measurement set. Therefore, the way for assessing the uncertainty contributions would not interfere with the above mentioned data comparison. * corresponding author; e-mail: sokalski@el.pcz.czest.pl
Data collapse
In 2006 the scaling theory applied to phenomenological description of energy loss in soft magnetic materials led to the following formula for P tot [2] :
where f -frequency, B m -amplitude of magnetic field induction. Values of α, β and amplitudes Γ (n) for ten selected soft magnetic materials have been estimated. For all investigated samples, only two first terms of (1) were significant, predicting monotonic increase of P tot vs. f . Recently Eq. (1) has been confirmed empirically by Yuan et al. [3] . In the same period the further confirmation of the scaling in SMM, as well as its mathematical and physical background, have been presented by the authors of this paper [4] . Due to the second degree of (1), it was possible to obtain the data collapse by the appropriate scaling. Accordingly, Eq. (1) was transformed to the sample-independent form, which includes the scaled variables P tot and f :
where
The chart of all measurement data, scaled according to (3) , confirms the data collapse for total energy loss in soft magnetic materials. Figure 1 depicts the revealed data collapse on the basis of nine samples.
Data's scaling and inter-comparison
For inter-comparison we have selected two sets of energy losses data. The first one belongs to Yuan (497) et al. [3] and consists of the three sets of data's measurements of Fe-based amorphous alloys:
The samples were thin ribbons wound into toroids. For details concerning measurement method of the energy loss in these samples we refer the reader to Ref. [3] . On the basis of measured data the parameters' values of (1) have been estimated (see Table I , after [3] ). 
1.95×10
−7 * The data for S 1 , S 2 , and S 3 have been kindly supplied by the authors of [3] .
The second set contains some of our results [2, 4] for the energy losses in the following alloys: amorphous ribbon P 1 = Fe 78 Si 13 B 9 , Co-based amorphous alloy P 2 = Co 71.5 Fe 2.5 Mn 2 Mo 1 Si 9 B 14 , nanocrystalline alloy P 3 = Fe 73.5 Cu 1 Nb 3 Si 15.5 B 7 .
The corresponding scaling exponents α, β and the scaling coefficients Γ (1) , Γ (2) are presented in Table I .
Assessment of uncertainty
Plotting P tot versus f for the all considered samples (Fig. 2) , we confirm that the data collapse takes place for the selected samples. Since all the magnitudes in (2) are dimensionless and the formula for P tot is sample--independent, we propose to introduce a measure of uncertainty characterizing the measurement set by the total distance of all empirical points from the scaling curve (2):
where P em tot and P th tot are empirically and theoretically scaled losses, respectively. N is the number of exprimental points. Comparisons of uncertainty measures are presented in Table II 
Comparing D 2 tot for the both data sets one can see that the values of uncertainties characterizing the compared measurement sets are very close. Processing data for the presented comparison, we satisfied the following conditions:
• The higher order terms for n > 2 in (1) are neglected. Applying to P tot the scaling hypothesis [2, 4] , we have derived the scaled formula (1) in the form of infinite series. In most cases this series converges very fast. Moreover, in many cases Eq. (1) can be truncated at the second order term which means that two first terms are sufficient. Basis for the described concept here is the data collapse, therefore it is important to mention that the collapse occurs only for data obeying the second degree formula (1), whereas the higher terms limit applicability of this paper to a range of small values of f .
• The scaled data ( f , P tot ) for the measuremet sets to be compared, should be of the comparable lengths:
• The ranges of scaled frequency f should be comparable as well. (2) should be comparable functions of f .
• Estimates of the scaling parameters α, β, Γ (1) and Γ (2) should be as accurate as possible. The precision of their values is important, since D 2 i , being an uncertainty measure, sensitively depends on them.
Conclusions
Progress in the design of electrical machines and transformers depends on the comprehensive knowledge of magnetic material properties under standard and non--standard excitation conditions. However, an agreed standardized method does not exist and the reproducibilities of the different methods used in different laboratories are unknown. We are of the opinion that the reason of such situation is lacking of statistical method enabling the appropriate data's intercomparison. In this paper we have proposed a solution of this problem. As we have shown, the data collapse supplies such a method and enables to introduce an universal measure of uncertainty which compares different experimental sets even basing on different methods. Therefore, the introduced method also can serve as a tool to compare measurement data obtained in different laboratories. The measure (5) expresses the total uncertainty characterizing the measurement set in the chosen range of f . There are three contributions to D tot resulting from: (1) uncertainty characterizing the measurement method and construction of the measurement set, (2) uncertainty of measurements of elementary magnitudes, (3) errors resulting from the approximation (1) and estimations of α, β, Γ (1) and Γ (2) . The method can be applied to investigations of any phenomenon satisfying the scaling hypothesis and the corresponding measurement data, satisfying the conditions given in Sect. 2.2.
